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� $EVWUDFW�
7KH�PHFKDQLFDO�SURSHUWLHV�RI�GHQWLQ�DUH�ODUJHO\�GHWHUPLQHG�E\�WKH�LQWHUWXEXODU�GHQWLQ�PDWUL[��
ZKLFK�LV�D�FRPSOH[�FRPSRVLWH�RI�W\SH�,�FROODJHQ�ILEHUV�DQG�D�FDUERQDWH�ULFK�DSDWLWH�PLQHUDO�
SKDVH��:H�SHUIRUPHG�D�VPDOO�DQJOH�[�UD\�VFDWWHULQJ��6$;6��VWXG\�RQ�IXOO\�PLQHUDOL]HG�KXPDQ�
GHQWLQ� WR�TXDQWLI\� WKLV� ILEHU�PLQHUDO� FRPSRVLWH� DUFKLWHFWXUH� IURP� WKH� QDQRVFRSLF� WKURXJK�
FRQWLQXXP�OHQJWK�VFDOHV��7KH�6$;6�UHVXOWV�ZHUH�FRQVLVWHQW�ZLWK�QXFOHDWLRQ�DQG�JURZWK�RI�
WKH�DSDWLWH�SKDVH�ZLWKLQ�SHULRGLF�JDSV� LQ�WKH�FROODJHQ�ILEHUV��7KHVH�PLQHUDOL]HG�ILEHUV�ZHUH�
SHUSHQGLFXODU� WR� WKH� GHQWLQDO� WXEXOHV� DQG� SDUDOOHO� ZLWK� WKH� PLQHUDOL]DWLRQ� JURZWK� IURQW��
:LWKLQ� WKH�SODQH�RI�WKH�PLQHUDOL]DWLRQ�IURQW�� WKH�PLQHUDOL]HG�FROODJHQ�ILEHUV�ZHUH� LVRWURSLF�
QHDU� WKH� SXOS�� EXW� EHFDPH�PLOGO\� DQLVRWURSLF� LQ� WKH�PLG�GHQWLQ�� $QDO\VLV� RI� WKH� GDWD� DOVR�
LQGLFDWHG� WKDW� QHDU� WKH� SXOS� WKH� PLQHUDO� FU\VWDOOLWHV� ZHUH� DSSUR[LPDWHO\� QHHGOH�OLNH�� DQG�
SURJUHVVHG� WR� D�PRUH� SODWH�OLNH� VKDSH� QHDU� WKH� GHQWLQR�HQDPHO� MXQFWLRQ��7KH� WKLFNQHVV� RI�
WKHVH�FU\VWDOOLWHV��a��QP��GLG�QRW�YDU\�VLJQLILFDQWO\�ZLWK�SRVLWLRQ�LQ�WKH�WRRWK��7KHVH�UHVXOWV�
ZHUH�FRQVLGHUHG�ZLWKLQ�WKH�FRQWH[W�RI�GHQWLQRJHQHVLV�DQG�PDWXUDWLRQ��
�

�
.H\ZRUGV�
GHQWLQ�²�FROODJHQ�²�PLQHUDOL]DWLRQ���6$;6�²�GHQWLQRJHQHVLV�²�RULHQWDWLRQ�
�
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�
6XEPLWWHG�WR�&DOFLILHG�7LVVXHV�,QWHUQDWLRQDO�
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'HQWLQ��WKH�PLQHUDOL]HG�KDUG�WLVVXH�WKDW�VXUURXQGV�WKH�SXOS�LQ�WHHWK��LV�D�FRPSRVLWH�RI�

W\SH�,�FROODJHQ�LQWHUVSHUVHG�ZLWK�D�FDUERQDWH�ULFK�DSDWLWH�PLQHUDO�SKDVH�WKDW�JLYHV�LW�ULJLGLW\�
DQG� VWUHQJWK� >�@�� %HFDXVH� GHQWLQ� FRPSULVHV� WKH� EXON� RI� KDUG� WLVVXH� LQ� KXPDQ� WHHWK�� LWV�
PHFKDQLFDO�SURSHUWLHV�DUH�RI�XWPRVW� LPSRUWDQFH� LQ�GHWHUPLQLQJ�WRRWK�VWUHQJWK��&KDQJHV� LQ�
WKH�PLQHUDO�EDODQFH�FDXVHG�E\�FDULHV��RU�GLVRUJDQL]DWLRQ�RI�WKH�FROODJHQ�QHWZRUN�FDXVHG�E\�
GHYHORSPHQWDO�RU�RWKHU�GLVHDVH�LQGXFHG�GLVRUGHUV�� FRPSURPLVH� WKH�PHFKDQLFDO� LQWHJULW\�RI�
WKH�WRRWK��

7KH�PRVW�VWULNLQJ�PRUSKRORJLFDO�IHDWXUH�RI�GHQWLQ�LV�WKH�WXEXOH��WKH�UHPQDQW�KRPH�RI�
WKH� IRUPDWLYH� RGRQWREODVW� SURFHVV�� ,W� KDV� ORQJ� EHHQ� WKRXJKW� WKDW� WKH� WXEXOH�� ZLWK� LWV�
K\SHUPLQHUDOL]HG� SHULWXEXODU� FXII�� LQIOXHQFHG� WKH�PHFKDQLFDO� SURSHUWLHV� RI� GHQWLQ� >�@��7KH�
ZLGH�YDULDQFH� LQ�WKH�PHDVXUHG�HODVWLF�FRQVWDQWV�ZDV�RIWHQ�DWWULEXWHG�WR�YDULDWLRQV� LQ�WXEXOH�
GHQVLW\� DQG�RULHQWDWLRQ��+RZHYHU�� QRZ�ZH�KDYH�GHPRQVWUDWHG� WKDW� WKH� LQWHUWXEXODU�GHQWLQ�
PDWUL[��DQG�QRW�WKH�GHQWLQDO�WXEXOHV��GRPLQDWHV�WKH�HODVWLF�EHKDYLRU�>�@��WKH�RUJDQL]DWLRQ�RI�
WKH�FROODJHQ�PLQHUDO�FRPSOH[�LV�RI�SDUDPRXQW�LPSRUWDQFH�LQ�WKLV�UHJDUG��

� $� FRPSOHWH� XQGHUVWDQGLQJ� RI� WKH� PHFKDQLFDO� SURSHUWLHV� RI� GHQWLQ� ZLOO� UHTXLUH�
NQRZOHGJH�RI�WKH�RUJDQL]DWLRQ�RI�WKH�PLQHUDOL]HG�FROODJHQ�ILEULOV�DW�VHYHUDO�OHQJWK�VFDOHV��$W�
VPDOO�OHQJWK�VFDOHV��WKH�FRXSOLQJ�RI�WKH�PLQHUDO�DQG�RUJDQLF�SKDVHV�FRQWUROV�WKH�PHFKDQLFDO�
SURSHUWLHV�>�@��$W�ODUJHU�OHQJWK�VFDOHV��WKH�ORQJ�UDQJHG�DOLJQPHQW�RI�WKH�PLQHUDOL]HG�FROODJHQ�
ILEULOV�DIIHFWV�WKH�FRQWLQXXP�HODVWLF�SURSHUWLHV�>�@��

� )RU�WKH�SUHVHQW�VWXG\��ZH�XVHG�WKH�WHFKQLTXH�RI�VPDOO�DQJOH�[�UD\�VFDWWHULQJ��6$;6��
WR� GHWHUPLQH� WKH� RULHQWDWLRQ� RI� FROODJHQ� LQ� WKH� LQWHUWXEXODU� GHQWLQ�PDWUL[��$QDO\VLV� RI� WKH�
6$;6� GDWD� DOVR� DOORZHG� XV� WR� GHVFULEH� WKH� JHQHUDO� VKDSH� RI� WKH� PLQHUDO� FU\VWDOV� DQG� WR�
HVWLPDWH�WKHLU�VL]H�DV�D�IXQFWLRQ�RI�SRVLWLRQ�LQ�WKH�FLUFXPSXOSDO�GHQWLQ�>�@��
�
0$7(5,$/6�$1'�0(7+2'6�

�
6SHFLPHQ�3UHSDUDWLRQ�

7KUHH� XQHUXSWHG� WR� SDUWLDOO\� HUXSWHG� KXPDQ� WKLUG� PRODUV�� ZLWK� QR� YLVLEOH� RU�
UDGLRJUDSKLF� HYLGHQFH� RI� FDULHV�� ZHUH� XVHG� LQ� WKLV� VWXG\�� 8SRQ� H[WUDFWLRQ�� WKH� WHHWK�ZHUH�
JDPPD�LUUDGLDWHG�IRU�VWHULOL]DWLRQ��>�@�WKHQ�VWRUHG�ZKROH�LQ�+DQN·V�EDODQFHG�VDOW�VROXWLRQ�DQG�
WK\PRO��,PPHGLDWHO\�SULRU�WR�VWXG\��D�VORZ�VSHHG�GLDPRQG�VDZ��,VRPHW��%XHKOHU��/DNH�%OXII��
,/�� ZDV� XVHG� WR� FXW� WKLQ� ������PP�� RFFOXVDO� ZDIHUV� RI� FLUFXPSXOSDO� GHQWLQ�� 7KH� HQDPHO��
ZKLFK� JLUGOHG� WKH� VSHFLPHQ�� ZDV� OHIW� LQWDFW� DV� D� ILGXFLDO� UHIHUHQFH� IRU� WKH� ORFDWLRQ� RI� WKH�
'(-��7KH�ORFDWLRQV�ZKHUH�WKH�6$;6�PHDVXUHPHQWV�ZHUH�PDGH�DUH�VKRZQ�LQ�)LJXUH����

�
6PDOO�$QJOH�;�UD\�6FDWWHULQJ�

6PDOO� DQJOH� [�UD\� VFDWWHULQJ� ZDV� SHUIRUPHG� RQ� EHDP� OLQH� ���� DW� WKH� 6WDQIRUG�
6\QFKURWURQ�5DGLDWLRQ�/DERUDWRU\��$�VFKHPDWLF�RI� WKH�H[SHULPHQWDO�DSSDUDWXV� LV� VKRZQ� LQ�
)LJXUH����7KH�V\QFKURWURQ�UDGLDWLRQ�IURP�D�EHQGLQJ�PDJQHW�ZDV�IRFXVHG�LQ�WKH�YHUWLFDO�D[LV�
E\�DSSO\LQJ�D�VPDOO�FXUYDWXUH�WR�D�UHIOHFWLQJ�PLUURU�LQ�WKH�RSWLFDO�WUDLQ��7KH�EHDP�ZDV�PDGH�
PRQRFKURPDWLF� DW� ������QP�E\�XVLQJ� WKH�^���`� UHIOHFWLRQ� IURP�D� VLOLFRQ� VLQJOH� FU\VWDO��$�
VPDOO�EHQG�ZDV�DSSOLHG�WR�WKLV�FU\VWDO�WR�SURYLGH�WKH�KRUL]RQWDO�IRFXV�DQG�LQFUHDVH�WKH�IOX[��
6PDOO� OHDG�DSHUWXUHV�ZHUH�XVHG� WR�FROOLPDWH� WKH�EHDP�VL]H� WR�����PP�YHUWLFDO�E\������PP�
KRUL]RQWDO�DW�WKH�VSHFLPHQ���
�
�
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)LJXUH����&RURQDO�VSHFLPHQV�ZHUH�SUHSDUHG�IURP�WZR�UHJLRQV�RI�HDFK�WRRWK��D��LPPHGLDWHO\�DERYH�WKH�SXOSDO�
KRUQ��DQG�E��FLUFXPSXOSDO��7KH�GDUN�VTXDUHV�VKRZ�ORFDWLRQV�ZKHUH�WKH�6$;6�GDWD�ZHUH�REWDLQHG��$SSUR[LPDWH�
RULHQWDWLRQV�RI�WKH�WXEXOH�OXPHQV�DW�HDFK�SRVLWLRQ�KDYH�EHHQ�KDQG�GUDZQ��)RU�WKH�FLUFXPSXOSDO�GHQWLQ��WKH�[�
UD\�EHDP�ZDV�VFDQQHG�LQ�����PP�VWHSV�IURP�WKH�SXOS�RXWZDUG�LQ�WKH�EXFDO�OLQJXDO�GLUHFWLRQ��
�

�

�
)LJXUH� ��� $� VFKHPDWLF� RI� WKH� VPDOO� DQJOH� [�UD\� VFDWWHULQJ� EHDPOLQH� ���� DW� 6WDQIRUG� 6\QFKURWURQ� 5DGLDWLRQ�
/DERUDWRU\��;�UD\V�IURP�D�EHQGLQJ�PDJQHW��65��ZHUH�IRFXVHG�LQ�ERWK�WKH�KRUL]RQWDO�DQG�YHUWLFDO�SODQHV��DQG�
FROOLPDWHG�ZLWK�OHDG�VOLWV�WR�FUHDWH�D�SRLQW�VFDWWHULQJ�JHRPHWU\��
�

7KH�[�UD\�EHDP�ZDV� VFDQQHG�DFURVV� WKH� VSHFLPHQV� IURP� WKH�SXOS� WR� WKH�'(-� LQ�����
PP� VWHSV�� 7KH� 6$;6� GDWD� IURP� HDFK� ORFDWLRQ�ZDV� FROOHFWHG� RQ� WZR�GLPHQVLRQDO� LPDJLQJ�
SODWH�GHWHFWRUV��%$6�,,,V��DQG�DQDO\]HG�E\�WKH�PHWKRGV�GHVFULEHG�EHORZ��

7KH�WZR�GLPHQVLRQDO�VFDWWHULQJ�LQWHQVLWLHV��,�[�\���ZHUH�FRQYHUWHG�WR�SRODU�FRRUGLQDWHV��
,�T�φ���ZKHUH�φ�ZDV�WKH�D]LPXWKDO�VFDWWHULQJ�DQJOH��DQG�T�ZDV�WKH�ZDYH�YHFWRU�JLYHQ�E\����
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+HUH��λ�ZDV�WKH�LQFLGHQW�[�UD\�ZDYHOHQJWK��DQG��θ�ZDV�WKH�VFDWWHULQJ�DQJOH�� )ROORZLQJ� WKH�
SURFHGXUHV� GHVFULEHG� E\� *XLQLHU� >�@�� DQG� DSSOLHG� WR� ERQH� E\� )UDW]O� HW� DO�� >��� �@�� WKH�
D]LPXWKDOO\�DYHUDJHG�VFDWWHULQJ�LQWHQVLW\�FRXOG�EH�GHVFULEHG�DV�D�IXQFWLRQ�RI�T��
�
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�
+HUH��WKH�VFDWWHULQJ�IRUP�IDFWRU��)�T�7���ZDV�D�IXQFWLRQ�RI�WKH�VKDSH�RI�WKH�FU\VWDOOLWHV��*�T��
ZDV� DQ� LQWHUIHUHQFH� IXQFWLRQ� VHQVLWLYH� WR�FRUUHODWLRQV� LQ� WKH�FU\VWDO� SRVLWLRQV�� DQG�7�ZDV� D�
SDUDPHWHU�UHODWHG�WR�WKH�FU\VWDOOLWH�WKLFNQHVV��
� &U\VWDOOLWH�VKDSH�ZDV�LQIHUUHG�IURP�WKH�ORJDULWKPLF�GHSHQGHQFH�RI�T�RQ�WKH�VFDWWHULQJ�
LQWHQVLW\�DZD\�IURP�DQ\�VFDWWHULQJ�PD[LPD� 7KRXJK�WKH�ZRUG�VKDSH�LV�IUHTXHQWO\�XVHG�ZKHQ�
GHVFULELQJ�WKLV� ORJDULWKPLF�GHSHQGHQFH�� WKLV� WHUP�LV�VRPHZKDW�D�PLVQRPHU�DV� WKHUH�DUH�QR�
XQLTXH� VROXWLRQV� WR� WKH� LQYHUVH� SUREOHP� RI� GHILQLQJ� VKDSH� GLUHFWO\� IURP� WKH� VFDWWHULQJ�
SURILOHV�� ,W� LV� SHUKDSV� PRUH� DSSURSULDWH� WR� FRQVLGHU� WKH� IRUP� IDFWRU� DV� SURYLGLQJ� D�
GLPHQVLRQDOLW\��'��)�T��a�T�'��)RU�' ���WKH�SDUWLFOH�LV�URXJKO\�RQH�GLPHQVLRQDO��L�H���OHQJWK���
DQG� IRU� ' ��� WKH� SDUWLFOH� LV� WZR�GLPHQVLRQDO� �L�H��� DUHD��� %DVHG� LQ� SDUW� RQ� HOHFWURQ�
PLFURVFRS\�>��@�DQG�WKH�VWDQGDUG�PRGHO�RI�KHWHURJHQHRXV�PLQHUDO�QXFOHDWLRQ�LQ�WKH�FROODJHQ�
JDSV� >������@�� LW�KDV�EHHQ�FXVWRPDU\�WR�UHIHU� WR�WKH�RQH�GLPHQVLRQDO�VFDWWHULQJ�EHKDYLRU�DV�
DULVLQJ�IURP�QHHGOH�OLNH�VKDSHV��DQG�WKH�WZR�GLPHQVLRQDO�VFDWWHULQJ�EHKDYLRU�DV�DULVLQJ�IURP�
SODWH�OLNH�FU\VWDOV��:H�DGRSWHG�WKLV�QRPHQFODWXUH�IRU�WKH�SUHVHQW�VWXG\� 

7KH�SDUDPHWHU�7��ZKLFK�ZDV�DVVRFLDWHG�ZLWK�WKH�FU\VWDOOLWH�WKLFNQHVV�DQG�KDG�D�XQLW�
RI� OHQJWK�� FRXOG� EH� UHODWHG� WR� WKH� WRWDO� VXUIDFH� DUHD�� 6�� DQG� WKH� WRWDO� YROXPH��9�� RI� WKH�
PLQHUDO�FU\VWDOV��
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7�ZDV�GHWHUPLQHG�IURP�3RURG·V�REVHUYDWLRQV�RI�VFDWWHULQJ�DW�ODUJH�T�>�@��
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� 7KH�3RURG� FRQVWDQW��3��ZDV�GHWHUPLQHG�E\� FXUYH� ILWWLQJ� WKH�T��� GHSHQGHQFH�RI� WKH�
VFDWWHULQJ�LQWHQVLW\�DW�ODUJH�T��7KH�GDWD�ZHUH�SUHSDUHG�DV�.UDWN\�SORWV�DQG�WKH�WRWDO�VFDWWHULQJ�
\LHOG�ZDV�FDOFXODWHG��8VLQJ�WKH�WRWDO�VFDWWHULQJ�\LHOG�DQG�WKH�3RURG�FRQVWDQW�3��WKH�WKLFNQHVV�
SDUDPHWHU�7�ZDV�FDOFXODWHG�GLUHFWO\�IURP�(TXDWLRQ����7KH�WKLFNQHVV�RI�WKH�FU\VWDOOLWHV��τ��ZDV�
HVWLPDWHG�IURP�WKH�VWHUHRORJLFDO�UHODWLRQVKLS�τ� �7����
� 7KH�*XLQLHU�UHJLRQ�RI�WKH�6$;6�GDWD��VPDOO�T�OLPLW��ZDV�DQDO\]HG�E\�FXUYH�ILWWLQJ�WKH�
OLQHDU�SRUWLRQ�RI�WKH�SORW�RI�OQ�,�YHUVXV�T��DV�T�DSSURDFKHG�]HUR�WR�REWDLQ�WKH�VORSH��P��7KH�
UDGLXV� RI� J\UDWLRQ�� 5

J

�� RI� WKH� VFDWWHULQJ� FU\VWDOV� ZDV� HVWLPDWHG� XVLQJ� WKH� *XLQLHU�
DSSUR[LPDWLRQ��
�
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� 2ULHQWDWLRQ�KDV�EHHQ�YDULRXVO\�GHILQHG�LQ�WHUPV�RI�WKH�DUHDV�XQGHU�WKH�SURILOHV�RI�WKH�
SRODU�SORWV�RI�WKH�VFDWWHULQJ�LQWHQVLW\�DW�VLQJOH�YDOXHV�RI�T���:H�KDYH�FKRVHQ��LQVWHDG��WR�DGRSW�
D�PRUH� SK\VLFDOO\� UREXVW�PHDVXUH� RI� RULHQWDWLRQ�� RQH� WKDW� ZDV� GHYHORSHG� WR� GHVFULEH� WKH�
PROHFXODU�RULHQWDWLRQ�ZLWKLQ�SRO\PHU�PHOWV�DQG�VROXWLRQV�>��@��%HFDXVH�WKH�GLPHQVLRQ�RI�WKH�
LOOXPLQDWHG�VSHFLPHQ�ZDV�ODUJH�LQ�UHODWLRQ�WR�WKH�VL]H�RI�WKH�VFDWWHULQJ�XQLWV��WKH�VPDOO�DQJOH�
VFDWWHULQJ�SDWWHUQV�SURYLGHG�D�JOREDO�DYHUDJH�RI�DQ�RULHQWDWLRQ�GLVWULEXWLRQ�IXQFWLRQ��2�α���DW�
HDFK�SRVLWLRQ�LQ�WKH�VSHFLPHQ��7R�UHPRYH�DQ\�FRQWULEXWLRQ�IURP�ILEHU�VFDWWHULQJ�RII�RI�WKH�
SHULWXEXODU� GHQWLQ��ZH� LQYHVWLJDWHG� WKH� D]LPXWKDO� GLVWULEXWLRQV� RI� VFDWWHUHG� LQWHQVLW\� DW� WKH�
YDOXH� RI� WKH� VFDWWHULQJ� YHFWRU� T� FRUUHVSRQGLQJ� ZLWK� WKH� WKLUG� KDUPRQLF� RI� WKH� ����� QP�
UHIOHFWLRQ��,Q�DGGLWLRQ��FDUH�ZDV�WDNHQ�WR�DFFRXQW�IRU�DQLVRWURS\�LQ�WKH�EDFNJURXQG�VFDWWHULQJ�
WKDW�PLJKW�KDYH�EHHQ�FDXVHG�E\�SHULWXEXODU�GHQWLQ��2�α���WKHUHIRUH��GHQRWHG�WKH�SUREDELOLW\�
RI�ILQGLQJ�D�PLQHUDOL]HG�FROODJHQ�ILEULO�ZKRVH�RULHQWDWLRQ�FRXOG�EH�GHVFULEHG�E\�WKH�DQJOH�α�
WR�D�SUHVFULEHG�D[LV�� LQ� WKLV�FDVH� WKH�GLUHFWLRQ� LQ� WKH�YHUWLFDO� VFDWWHULQJ�SODQH� �EXFDO�OLQJXDO�
RULHQWDWLRQ� RI� WKH� WRRWK��� 7KH� RULHQWDWLRQ� GLVWULEXWLRQ� IXQFWLRQ�� 2�α��� FRPSOHWHO\�
FKDUDFWHUL]HG�WKH�RULHQWDWLRQ�RI�WKH�ILEULOV�� LW�ZDV�GHILQHG�DV�D�VXP�RI�RUWKRJRQDO�/HJHQGUH�
IXQFWLRQV���
�
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,Q�HTXDWLRQ����WKH�JOREDOO\�DYHUDJHG�DPSOLWXGH�WHUPV���3
�Q

�FRV�α��!�ZHUH�XVHG�WR�GHVFULEH�
WKH� RYHUDOO� VWDWH� RI� RULHQWDWLRQ�� 7KHVH� FRHIILFLHQWV� ZHUH� H[WUDFWHG� GLUHFWO\� IURP� WKH� VPDOO�
DQJOH�VFDWWHULQJ�SDWWHUQV�XVLQJ�WKH�D]LPXWKDO�GLVWULEXWLRQ�RI�WKH�LQWHQVLW\�IXQFWLRQ�DW�D�IL[HG�
YDOXH�RI�T��KHUH�FKRVHQ�WR�FRUUHVSRQG�ZLWK�WKH�WKLUG�RUGHU�KDUPRQLF�RI�WKH�FKDUDFWHULVWLF����
QP�GLIIUDFWLRQ�SHDN���%HFDXVH�RI�WKH�SHDN�V\PPHWU\��RQO\�WKH�HYHQ�/HJHQGUH�IXQFWLRQV�ZHUH�
QHHGHG�WR�ILW�WKH�GDWD��DQG�RI�WKHVH��RQO\�WKH�ILUVW�WZR�HYHQ�WHUPV�LQ�(TXDWLRQ���ZHUH�DFWXDOO\�
XVHG��7KH�VHFRQG�RUGHU�WHUP����3

�

�FRV�α��!��ZDV�HYDOXDWHG�IURP�WKH�GDWD��DQG�WKH�UDWLR�RI�LWV�
DPSOLWXGH���3

�

!
6

�WR�WKDW�RI�D�PRGHO�VWUXFWXUH�ZKHUH�DOO�RI�WKH�PROHFXOHV�ZHUH�DOLJQHG�LQ�D�
VLQJOH� GLUHFWLRQ���3

�

!
0

��ZDV� XVHG� WR� GHILQH� WKH� IUDFWLRQ� RI� DOO� FROODJHQ� ILEHUV� DOLJQHG� LQ� D�
VLQJOH�RULHQWDWLRQ��
�
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�
(TXDWLRQ���ZDV�XVHG�WR�GHWHUPLQH�WKH�IUDFWLRQ�RI�WKH�PLQHUDOL]HG�FROODJHQ�ILEULOV�WKDW�ZHUH�
SUHIHUHQWLDOO\�DOLJQHG�LQ�WKH�EXFDO�OLQJXDO�RULHQWDWLRQ��)RU�D�SHUIHFWO\�UDQGRP�VWUXFWXUH��WKLV�
YDOXH�ZRXOG�EH�]HUR��LI�DOO�RI�WKH�FROODJHQ�ILEULOV�ZHUH�DOLJQHG�LQ�WKH�GLUHFWLRQ�RI�WKH�PRGHO�
VWUXFWXUH��WKLV�YDOXH�ZRXOG�EH�����
�
5(68/76�
�
� $� JUDSK� RI� WKH� VFDWWHULQJ� LQWHQVLW\� DV� D� IXQFWLRQ� RI� T� IRU� DQ� [�UD\� EHDP� LQFLGHQW�
SDUDOOHO�ZLWK�PLQHUDOL]DWLRQ�IURQW�LV�VKRZQ�LQ�)LJXUH����7KH�SURILOHV�KDYH�EHHQ�LQWHJUDWHG�IRU�
DOO�VFDWWHULQJ�DQJOHV��φ��WR�PLQLPL]H�VWDWLVWLFDO�IOXFWXDWLRQV�LQ�WKH�GDWD��0DUNHG�LQ�WKLV�ILJXUH�
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DUH�WKH�SRVLWLRQV�RI�WKH����QP�UHIOHFWLRQ�UHODWLQJ�WR�WKH�SHULRGLFLW\�RI�WKH�JDS�]RQHV�LQ�WKH�
FROODJHQ�ILEULOV��WKH�DFWXDO�PHDVXUHG�VSDFLQJ�ZDV�a�����QP�FRUUHVSRQGLQJ�WR�T� ��������$�����
DQG� WKH� WKLUG�KDUPRQLF�RI� WKLV� UHIOHFWLRQ�DW������QP��T� �������$�����7KH�SUHFLVLRQ�RI� WKLV�
PHDVXUHPHQW��ZKLFK�ZDV�FRQWUROOHG�E\�WKH�VSDWLDO�UHVROXWLRQ�RI�WKH�GHWHFWRU��ZDV�ZLWKLQ�����
QP��
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q  (nm-1)

primary at 67.6 nm

third harmonic at 22.6nm

)LJXUH� ��� 7KH� D]LPXWKDOO\� DYHUDJHG� 6$;6� SDWWHUQ� IURP� D� EHDP� GLUHFWHG� SDUDOOHO� WR� WKH� SODQH� RI� WKH�
PLQHUDOL]DWLRQ� IURQW�� 7KH� IXQGDPHQWDO� UHIOHFWLRQ� DW� a����� QP�� DQG� WKH� WKLUG� KDUPRQLF� DW� a����� QP� ZHUH�
GHWHFWHG��
� �

7KH� VFDWWHULQJ� SDWWHUQV� IURP� RULHQWDWLRQV� SHUSHQGLFXODU� DQG� SDUDOOHO� WR� WKH� WXEXOH�
D[HV� DUH� VKRZQ� LQ� )LJXUH� ��� (DFK� WUDFH� ZDV� LQWHJUDWHG� RYHU� D� ��R� D]LPXWKDO� UDQJH�� 7KH�
DQLVRWURS\� RI� VFDWWHULQJ� ZDV� DSSDUHQW� E\� WKH� SUHVHQFH� RI� WKH� KDUPRQLF� ZKHQ� VFDWWHULQJ�
SHUSHQGLFXODU�WR�WKH�WXEXOHV�DQG�DEVHQFH�RI�WKH�KDUPRQLF�ZKHQ�VFDWWHULQJ�LQ�WKH�GLUHFWLRQ�RI�
WKH�WXEXOHV��
� 7KH� VFDWWHULQJ� LQWHQVLW\� DV� D� IXQFWLRQ� RI� D]LPXWKDO� DQJOH� DW� WKH� WKLUG� KDUPRQLF� LV�
VKRZQ�LQ�)LJXUH���IRU�D�UHSUHVHQWDWLYH�VSHFLPHQ��:KLOH�WKHUH�ZDV�QR�VLJQLILFDQW�DQLVRWURS\�
LQ� WKH�EDFNJURXQG�VFDWWHULQJ�� WKHUH�ZDV�PHDVXUDEOH�D]LPXWKDO�YDULDWLRQ�DVVRFLDWHG�ZLWK� WKH�
WKLUG� KDUPRQLF�� )URP� WKLV� GDWD�� WKH� RULHQWDWLRQ� SDUDPHWHU� ZDV� H[WUDFWHG�� 7KH� RULHQWDWLRQ�
SDUDPHWHU� IRU� PLQHUDOL]HG� FROODJHQ� ILEULOV� O\LQJ� LQ� WKH� SODQH� RI� WKH� PLQHUDOL]DWLRQ� IURQW��
�3

�

!�� LV� JUDSKHG�DV� D� IXQFWLRQ�RI�SRVLWLRQ� LQ�)LJXUH����7KRXJK� WKHUH�ZHUH� UHODWLYHO\� ODUJH�
GLIIHUHQFHV� EHWZHHQ� VSHFLPHQV�� VHYHUDO� WUHQGV� ZHUH� FRPPRQ� LQ� DOO� WHHWK�� )LUVW�� WKH�
DQLVRWURS\� ZDV� D�PLQLPXP� QHDU� WKH� SXOS�� 6HFRQG�� WKH�PLQHUDOL]HG� FROODJH� ILEULOV� EHFDPH�
SURJUHVVLYHO\�PRUH�DQLVRWURSLF�ZLWK�GLVWDQFH�IURP�WKH�SXOS��UHDFKLQJ�D�PD[LPXP�EHWZHHQ���
����PP�IURP�WKH�SXOS��)LQDOO\��WKH�PDJQLWXGH�RI�WKH�SHDN�DQLVRWURS\�ZDV�OHVV�WKDQ������

7KH� GHFD\� H[SRQHQW�� RU� VKDSH� IDFWRU�� IRU� HDFK� WRRWK� DV� D� IXQFWLRQ� RI� SRVLWLRQ� LV�
JUDSKHG�LQ�)LJXUH����1HDUHVW�WKH�SXOS��WKH�VKDSH�IDFWRU�ZDV�PRVW�QHHGOH�OLNH��UDQJLQJ�IURP�
���� ²� �����ZLWK� GLVWDQFH� IURP� WKH� SXOS� WKHUH�ZDV� D� FRQWLQXRXV� SURJUHVVLRQ� WRZDUGV�PRUH�
SODWH�OLNH�VKDSHV��UDQJLQJ�IURP�����²�����QHDUHVW�WKH�'(-��
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)LJXUH� ��� 6$;6� SDWWHUQV� IURP� WKH� VDPH� WRRWK� GLUHFWHG� SDUDOOHO� DQG� SHUSHQGLFXODU� WR� WKH� WXEXOH� D[HV�� 7KH�
KDUPRQLF� UHIOHFWLRQ� FKDUDFWHULVWLF� RI� WKH� FROODJHQ� ILEULO� VWUXFWXUH� ZDV� RQO\� HYLGHQW� ZKHQ� WKH� EHDP� ZDV�
SHUSHQGLFXODU�WR�WKH�WXEXOH�D[HV��DQG�LQ�WKH�SODQH�RI�WKH�PLQHUDOL]DWLRQ�IURQW��
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Figure 5: 7KH�VFDWWHULQJ� LQWHQVLW\�DV�D�IXQFWLRQ�RI�D]LPXWKDO�DQJOH�φ� IRU�D�FRQVWDQW��VPDOO� UDQJH�RI�T� �������
������ QP���� DVVRFLDWHG� ZLWK� WKH� WKLUG� KDUPRQLF� RI� WKH� ����� QP� UHIOHFWLRQ�� 7KH� V\PPHWULF� SHDNV�� ZKRVH�
PDJQLWXGHV� LQFUHDVHG�ZLWK�GLVWDQFH� IURP� WKH�SXOS��ZHUH� FDXVHG�E\� D� VPDOO� DQLVRWURS\� LQ� RQH�GLUHFWLRQ��7KH�
D]LPXWKDO�DQJOH�φ� ��°�ZDV�UHIHUHQFHG�WR�WKH�EXFDO�OLQJXDO�GLUHFWLRQ��
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�)LJXUH����7KH�JOREDO�RULHQWDWLRQ�SDUDPHWHU��3
�
!�DV�D�IXQFWLRQ�RI�GLVWDQFH�IURP�WKH�SXOS��7KHUH�ZDV�D�JUDGXDO�

LQFUHDVH�LQ�DQLVRWURS\�ZLWK�GLVWDQFH��UHDFKLQJ�D�PD[LPXP�EHWZHHQ�������PP�IURP�WKH�SXOS��
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)LJXUH����7KH�GHFD\�H[SRQHQW��RU�VKDSH�IDFWRU��DV�D�IXQFWLRQ�RI�GLVWDQFH�IURP�WKH�SXOS��7KH�GHFD\�H[SRQHQW�
ZDV�VPDOOHU�QHDU�WKH�SXOS��DQG�LQFUHDVHG�VWHDGLO\�ZLWK�GLVWDQFH�WRZDUG�WKH�'(-��7KLV�ZDV�FRQVLVWHQW�ZLWK�WKH�
VKDSH�JUDGXDOO\�SURJUHVVLQJ�IURP�VRPHZKDW�QHHGOH�OLNH�QHDU�WKH�SXOS�WR�SODWH�OLNH�QHDU�WKH�'(-��
�
�
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&U\VWDOOLWH�WKLFNQHVV��τ��LV�JUDSKHG�DV�D�IXQFWLRQ�RI�GLVWDQFH�IURP�WKH�SXOS�LQ�)LJXUH����
7KH�PHDQ�WKLFNQHVV�ZDV�URXJKO\�FRQVWDQW�DFURVV�WKH�WRRWK��KDYLQJ�D�YDOXH�RI�����QP��V�G�� �
����QP���7KH�UDGLXV�RI�J\UDWLRQ��5

J

��ZDV�DSSUR[LPDWHO\����QP��7KH�HUURUV� LQ�WKH�H[WUHPHO\�
ORZ� DQJOH� GDWD�� FDXVHG� E\� ERWK� D� VKRUWHQHG� *XLQLHU� UHJLRQ� DQG� GLIILFXOW\� LQ� PDNLQJ�
PHDVXUHPHQWV�DW� ORZ�T��SUHYHQWHG�D�GHWDLOHG�DQDO\VLV�RI� WKH�5

J

�DV�D�IXQFWLRQ�RI�SRVLWLRQ��,W�
ZDV�QRWHG��KRZHYHU��WKDW� OLQHDU�EHKDYLRU�RI�OQ,�YV��T��DW� ORZ�T��*XLQLHU�EHKDYLRU��ZDV�RQO\�
VHHQ�LQ�WKH�RXWHUPRVW�GHQWLQ��QHDUHVW�WKH�'(-���
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�
)LJXUH����7KH�PHDQ�WKLFNQHVV�τ�RI�WKH�PLQHUDO�FU\VWDOOLWHV�DV�D�IXQFWLRQ�RI�GLVWDQFH�IURP�WKH�SXOS��7KHUH�ZDV�
QR� VLJQLILFDQW� GLIIHUHQFH� LQ� WKLFNQHVV� ZLWK� SRVLWLRQ�� LQ� VSLWH� RI� WKH� SURJUHVVLYH� FKDQJH� LQ� VKDSH� RI� WKH�
FU\VWDOOLWHV��
�
�

',6&866,21�
 

7R�IXOO\�XQGHUVWDQG�WKH�PHFKDQLFDO�SURSHUWLHV�RI�GHQWLQ�� LW� LV� ILUVW�QHFHVVDU\�WR�NQRZ�
KRZ�WKH�PLQHUDOL]HG�FROODJHQ�ILEULOV�DUH�RUJDQL]HG��,W�LV�JHQHUDOO\�EHOLHYHG�WKDW�FROODJHQ�ILEULOV�
IRUP�D� IHOW�ZRUN� VWUXFWXUH� ODLG�GRZQ�SHUSHQGLFXODU� WR� WKH� WXEXOHV� DQG� LQ� WKH�SODQH�RI� WKH�
DGYDQFLQJ� PLQHUDOL]DWLRQ� IURQW� >��@�� ([FHSWLRQV� WR� WKLV� RUJDQL]DWLRQ� KDYH� EHHQ� UHSRUWHG��
VFDQQLQJ�HOHFWURQ�PLFURVFRS\�RI�IUHH]H�IUDFWXUHG�VSHFLPHQV�KDV�RFFDVLRQDOO\�VKRZQ�FROODJHQ�
ILEHUV�KDYLQJ�WKHLU�ORQJ�D[HV�SDUDOOHO�ZLWK�WKH�WXEXOH�D[HV��DOWKRXJK�WKHVH�ILEHUV�KDYH�ODUJHO\�
EHHQ�FRQILQHG�RQ�WKH�WXEXOH�ZDOOV�DGMDFHQW�WR�WKH�RGRQWREODVW�SURFHVV�>������@��

)URP�SULRU�VWXGLHV�LQ�ERQH��D�KDOOPDUN�RI�WKH�VPDOO�DQJOH�VFDWWHULQJ�VSHFWUD�LV�SHDNV�LQ�
VFDWWHULQJ�LQWHQVLW\�DVVRFLDWHG�ZLWK�DQ�DSSUR[LPDWHO\����QP�SHULRGLF�VSDFLQJ�RI�JDSV�LQ�WKH�
FROODJHQ�ILEULOV�>�@��$FFRUGLQJ�WR�WKH�VWDQGDUG�PRGHO�RI�W\SH�,�FROODJHQ�PLQHUDOL]DWLRQ��WKHVH�
JDSV�DUH�SULPDU\�VLWHV�IRU�DSDWLWH�FU\VWDO�QXFOHDWLRQ�DQG�JURZWK�>��@��%\�UHVWULFWLQJ�RXU�IRFXV�
WR� WKH� [�UD\� VFDWWHULQJ� DVVRFLDWHG�ZLWK� WKH� DOORZHG�KDUPRQLFV� RI� WKLV� SHULRGLF� VSDFLQJ��ZH�
ZHUH�UHDVRQDEO\�DVVXUHG�RI�PHDVXULQJ�WKH�RULHQWDWLRQ�RI�RQO\�WKH�PLQHUDOL]HG�FROODJHQ�ILEULOV��
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� ,W�ZDV�VLJQLILFDQW�WKDW�GLIIUDFWLRQ�SHDNV�ZHUH�REVHUYHG�RQO\�ZKHQ�WKH�LQFLGHQW�EHDP�
ZDV� SHUSHQGLFXODU� WR� WKH� WXEXOHV�� :KHQ� WKH� LQFLGHQW� [�UD\� EHDP� ZDV� GLUHFWHG� DORQJ� WKH�
WXEXOH� D[LV�� WKH� GLIIUDFWLRQ� SHDNV� FRXOG� QRW� EH� GHWHFWHG�� 7KLV� ZDV� FRQVLVWHQW� ZLWK� WKH�
PDMRULW\�RI�WKH�PLQHUDOL]HG�FROODJHQ�ILEULOV�O\LQJ�SHUSHQGLFXODU�WR�WKH�WXEXOHV�DQG�LQ�WKH�SODQH�
RI�WKH�PLQHUDOL]LQJ�IURQW��
� ,W� ZDV� SRVVLEOH� WR� TXDQWLI\� WKH� RULHQWDWLRQ� RI� WKH� PLQHUDOL]HG� FROODJHQ� IURP� WKH�
DQJXODU�GLVWULEXWLRQ�RI�WKH�VFDWWHUHG�UDGLDWLRQ��$GMDFHQW�WR�WKH�SXOS�DQG�ZLWKLQ�WKH�SODQH�RI�
WKH� PLQHUDOL]DWLRQ� IURQW�� WKH� FROODJHQ� ILEULOV� ZHUH� RULHQWHG� LVRWURSLFDOO\�� DOO� DQJOHV� RI�
RULHQWDWLRQ� ZHUH� HTXDOO\� SUREDEOH�� :LWK� LQFUHDVLQJ� GLVWDQFH� IURP� WKH� SXOS�� WKH� ILEULO�
RULHQWDWLRQ�EHFDPH�SURJUHVVLYHO\�PRUH�DQLVRWURSLF�� UHDFKLQJ�D�PD[LPXP�DQLVRWURS\� LQ� WKH�
GHQWLQ�������PP�IURP�WKH�SXOS��7KH�FDXVH�RI�WKLV�DQLVRWURS\�LV�QRW�NQRZQ��ZH�K\SRWKHVL]H�LW�
PD\�EH�GXH� WR� WKH�FKDQJH� LQ� IRUPDWLRQ�UDWH�EHWZHHQ�RXWHU�DQG� LQQHU�GHQWLQ� >��@��RU� WR�DQ�
RUGHULQJ� RI� WKH� WXEXOH� OXPHQV� WKDW� PLJKW� DOORZ� VKRUW�UDQJHG� ILEULO� DOLJQPHQW� DORQJ� RQH�
GLUHFWLRQ��1HYHUWKHOHVV�� WKH�PHDVXUHG� DQLVRWURS\�ZDV�QRW� ODUJH�� DSSUR[LPDWHO\� ���� LQ� WKH�
PRVW� H[WUHPH� FDVH�� ,W� LV� XQOLNHO\� WKDW� WKLV� VPDOO� VWUXFWXUDO� DQLVRWURS\� ZRXOG� KDYH� D�
PHDVXUDEOH� LQIOXHQFH� RQ� GHQWLQ·V� HODVWLF� SURSHUWLHV�� HDUOLHU� VWXGLHV� XVLQJ�$)0� LQGHQWDWLRQ�
PHWKRGV� ZHUH� XQDEOH� WR� GHWHFW� DQLVRWURS\� LQ� WKH� HODVWLF� PRGXOXV� EHWZHHQ� RULHQWDWLRQV�
SDUDOOHO�DQG�SHUSHQGLFXODU�WR�WKH�WXEXOH�D[LV�>�@��

7KH�VKDSHV�RI�PLQHUDO�FU\VWDOV�KDYH�EHHQ�VWXGLHG�LQ�D�YDULHW\�RI�WLVVXHV�>�������������@��
,Q�PDWXUH�KXPDQ�ERQH��LW�KDV�EHHQ�REVHUYHG�WKDW�WKH�FU\VWDOOLWHV�KDYH�D�SODWH�OLNH�VKDSH�>�@��
3ODWH�OLNH� FU\VWDOV� KDYH� DOVR� EHHQ� REVHUYHG� LQ� PLQHUDOL]LQJ� WHQGRQ�� 7KHVH� SODWH�OLNH�
V\PPHWULHV�DUH�LQ�FRQWUDVW�WR�WKH�QHHGOH�OLNH�FU\VWDOV�VHHQ�LQ�OHVV�PDWXUH�ERQH��DQG�LQ�ERQH�
XQGHUJRLQJ�PRUH�UDSLG�WXUQRYHU�WKDQ�VHHQ�LQ�KXPDQV��7KH�VDOLHQW�REVHUYDWLRQ��KRZHYHU�� LV�
WKDW� WKH�FU\VWDOOLWH� VKDSH� LQ�ERQH�DSSHDUV� WR�EH�RI�RQH� W\SH�RU� WKH�RWKHU��EXW�QRW�ERWK�� DV�
UHSUHVHQWHG�E\�LQWHJUDO�SRZHU�ODZ�VFDOLQJ�RI�WKH�6$;6�GDWD�IURP�WKRVH�WLVVXHV�>���@��

8QOLNH�ERQH��WKH�6$;6�GDWD�IRU�GHQWLQ�GLVSOD\HG�QRQ�LQWHJUDO�SRZHU�ODZ�VFDOLQJ�LQ�DOO�
VSHFLPHQV��7KH�DSDWLWH�FU\VWDOOLWHV�ZHUH�VRPHZKDW�QHHGOH�OLNH�QHDU� WKH�SXOS��'a������:LWK�
GLVWDQFH�RXWZDUG�WRZDUGV�WKH�'(-��WKHUH�ZDV�D�FRQWLQXRXV�WUDQVIRUPDWLRQ�WR�D�PRUH�SODWH�
OLNH� VWUXFWXUH�� EHFRPLQJ�DOPRVW�SHUIHFWO\�SODWH�OLNH� �'a���QHDU� WKH�'(-��:H� DWWULEXWH� WKLV�
WUDQVIRUPDWLRQ��ZKLFK� KDV� QR� DSSDUHQW� FRXQWHUSDUW� LQ� ERQH�� WR� D�PDWXUDWLRQ� SURFHVV��:H�
SURSRVH�WKDW� WKH�FU\VWDOOLWHV�DUH�KHWHURJHQHRXVO\�QXFOHDWHG� LQ�WKH�FROODJHQ�JDSV��:LWK�WLPH��
PDQ\�RI�WKHVH�QHHGOHV�FDQ�JURZ�DQG�FRDOHVFH� LQWR�WKH�SODWH�OLNH�VWUXFWXUHV�VHHQ� LQ�HOHFWURQ�
PLFURVFRS\�LQ�ERQH��,Q�WKH�DEVHQFH�RI�UHPRGHOLQJ��WKH�FU\VWDOOLWHV�DUH�PRUH�SODWH�OLNH�LQ�WKH�
GHQWLQ�QHDUHVW�WKH�'(-��DQG�PRUH�QHHGOH�OLNH�LQ�WKH�PRUH�UHFHQWO\�IRUPHG�GHQWLQ�DGMDFHQW�WR�
WKH�SXOS��:H�IXUWKHU�SURSRVH�WKDW�WKH�QRQ�LQWHJUDO�SRZHU�ODZ�VFDOLQJ�LQ�WKH�LQQHU�DQG�PLGGOH�
GHQWLQ�ZDV�WKH�UHVXOW�RI�D�GLVWULEXWLRQ�RI�QHHGOH��DQG�SODWH�OLNH�FU\VWDOOLWHV��

&U\VWDOOLWH�WKLFNQHVV��a����QP���DV�GHWHUPLQHG�IURP�WKH�3RURG��ODUJH�T��UHJLRQ�RI�WKH�
VFDWWHULQJ� FXUYH��ZDV� FRQVLVWHQW�ZLWK� HDUOLHU� GHWHUPLQDWLRQV� �a����QP��RI� FU\VWDOOLWH� VL]H� LQ�
GHQWLQ�E\�[�UD\�SRZGHU�GLIIUDFWLRQ�PHWKRGV�>��@��'HWHUPLQDWLRQ�RI�FU\VWDOOLWH�VL]H�IURP�[�UD\�
SRZGHU�GLIIUDFWLRQ�SDWWHUQV� LV� QRW� VWUDLJKWIRUZDUG�� WKHUH� LV� QR� JRRG�ZD\�RI� VHSDUDWLQJ� WKH�
SRVVLEOH� HIIHFWV�RI� VWUDLQ�EURDGHQLQJ� IURP� WKRVH�RI� VL]H�EURDGHQLQJ�EHFDXVH�RI� WKH� VHYHUH�
RYHUODSSLQJ�RI� WKH�KLJKHU�RUGHU�SHDNV� LQ� WKH�GLIIUDFWLRQ�GDWD��6$;6��RQ� WKH�RWKHU�KDQG�� LV�
QRW�DIIHFWHG�E\�UHVLGXDO�VWUDLQ��KHQFH��WKH�FORVH�DJUHHPHQW�EHWZHHQ�RXU�PHDVXUHG�WKLFNQHVV�
YDOXHV�DQG�WKRVH�GHWHUPLQHG�IURP�FU\VWDO�GLIIUDFWLRQ�LQGLFDWH�WKDW�VL]H�EURDGHQLQJ�GRPLQDWHV�
WKH�[�UD\�GLIIUDFWLRQ�EHKDYLRU�LQ�GHQWLQ��

7KHUH� ZDV� OLWWOH� YDULDWLRQ� LQ� FU\VWDOOLWH� WKLFNQHVV� ZLWK� SRVLWLRQ� LQ� WKH� WRRWK�� HYHQ�
WKRXJK� WKHLU� VKDSHV� FKDQJHG� VLJQLILFDQWO\�� 7KLV� ZRXOG� VXJJHVW� WKDW� FU\VWDO� JURZWK� LV�
FRQVWUDLQHG� LQ�RQH� D[LV��:H�SURSRVH� WKDW� WKH� WKLFNQHVV� LV� OLPLWHG�E\� WKH�ZLGWK�RI� WKH� JDS�
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]RQH� LQ� WKH� FROODJHQ� ILEULO�� WKH� VKDSH� DSSHDUV� WR� HYROYH� RQO\� E\� ODWHUDO� JURZWK� DQG�
FRDOHVFHQFH�RI�DGMDFHQW�FU\VWDOOLWHV��

7KH�H[LVWHQFH�RI�D�*XLQLHU�UHODWLRQVKLS�DW�ORZ�T�LV�DQ�LQWHUHVWLQJ�ILQGLQJ�WKDW�VKRXOG�
QRW�EH�LJQRUHG��,Q�D�VXUYH\�RI�KDOI�D�FHQWXU\�RI�6$;6�OLWHUDWXUH�RQ�PLQHUDOL]HG�WLVVXHV��ZH�
ZHUH� XQDEOH� WR� ILQG� UHIHUHQFH� WR� *XLQLHU� DQDO\VLV� LQ� WKH� ORZ�T� UHJLRQ� RI� WKH� VFDWWHULQJ�
SDWWHUQ�� 7KHUH� DUH�� SHUKDSV�� WZR� UHDVRQV� IRU� WKLV�� )LUVW�� LW� LV� YHU\� GLIILFXOW� WR� PDNH�
PHDVXUHPHQWV� DW� ORZ� T�ZLWKRXW� UHVRUWLQJ� WR� VSHFLDOL]HG� VPDOO� DQJOH� FDPHUDV� >��@�� 6HFRQG��
LQWHUSUHWDWLRQ� RI� WKH� ORZ�T� GDWD� LV� FRPSOLFDWHG� LQ� V\VWHPV� IRU� ZKLFK� WKH� *XLQLHU�
DSSUR[LPDWLRQ�LV�QRW�YDOLG��IRU�H[DPSOH��LQ�V\VWHPV�WKDW�DUH�QRW�GLOXWH��,Q�GHQVH�V\VWHPV�OLNH�
GHQWLQ�� LQWHUSDUWLFOH� LQWHUIHUHQFH� FDQ� VLJQLILFDQWO\� VKRUWHQ� WKH�*XLQLHU� UHJLRQ� DQG� GHFUHDVH�
WKH� VORSH� RI� WKH� *XLQLHU� SORW�� %HFDXVH� RI� WKLV�� WKH� UDGLXV� RI� J\UDWLRQ� LV� IUHTXHQWO\�
XQGHUHVWLPDWHG��

,UUHVSHFWLYH� RI� WKHVH� XQFHUWDLQWLHV�� WKH� H[LVWHQFH� RI� OLQHDULW\� LQ� WKH� JUDSKV� RI� OQ� ,�
YHUVXV��T���LQGLFDWHG�WKDW�WKHUH�ZHUH�IHDWXUHV�RQ�WKH�RUGHU�RI����QP�RU�JUHDWHU�LQ�UDGLXV�WKDW�
ZHUH�FRKHUHQWO\�VFDWWHULQJ�WKH�[�UD\V��:H�SURSRVH�WKDW�WKH�*XLQLHU�VFDWWHULQJ�DW�WKLV� OHQJWK�
VFDOH� ZDV� FRQVLVWHQW� ZLWK� VFDWWHULQJ� IURP� WKH� GLDPHWHU� RI� WKH� PLQHUDOL]HG� FROODJHQ� ILEULO��
ZKLFK�LV�EHOLHYHG�WR�YDU\�IURP��������QP��

7R�SUHGLFW�KRZ�DJH�RU�GLVHDVH�UHODWHG�FKDQJHV�LQ�PLQHUDOL]DWLRQ�PLJKW�DIIHFW�GHQWLQ�
FRPSHWHQFH��LW�LV�LPSRUWDQW�WR�NQRZ�KRZ�PLQHUDO�LV�SURSRUWLRQHG�EHWZHHQ�LQWUD��DQG�H[WUD�
ILEULOODU� VLWHV��$� VWURQJ� FRXSOLQJ�RI� WKH�PLQHUDO�ZLWK� WKH� FROODJHQ� ILEULOV�ZRXOG� JLYH�GHQWLQ�
GLIIHUHQW� SURSHUWLHV� WKDQ� LW� ZRXOG� KDYH� LI� WKH� PLQHUDO� ZHUH� HQWLUHO\� DVVRFLDWHG� ZLWK� WKH�
H[WUDILEULOODU� JURXQG�PDWWHU� >��@�� 7KH� VPDOO� DQJOH� VFDWWHULQJ� GDWD� LPSOLHV� WKDW� D� QRQWULYLDO�
IUDFWLRQ�RI�WKH�PLQHUDO�LV�LQWUDILEULOODU�EHFDXVH�RI�LWV�DVVRFLDWLRQ�ZLWK�WKH����QP�JDSV�LQ�WKH�
FROODJHQ� ILEULOV��+RZHYHU�� WKH� GDWD� GRHV� QRW� TXDQWLI\�ZKDW� DPRXQW�� LI� DQ\�� RI� WKH�PLQHUDO�
PLJKW� EH� H[WUDILEULOODU�� (YHQ� LQ� ERQH�� ZKLFK� KDV� EHHQ� VWXGLHG� LQ� IDU� JUHDWHU� GHWDLO� WKDQ�
GHQWLQ�� WKH�SURSRUWLRQLQJ�RI� H[WUDILEULOODU� DQG� LQWUDILEULOODU�PLQHUDO� LV�QRW�NQRZQ��:H�KDYH�
HYHQ�SRRUHU�NQRZOHGJH�RI�GHQWLQ�PLQHUDOL]DWLRQ��5HVROXWLRQ�RI�WKLV�LVVXH�ZLOO�UHTXLUH�IXUWKHU�
VWXGLHV�ZLWK�GLIIHUHQW�LPDJLQJ�PRGDOLWLHV��
� ,Q�VXPPDU\��WKH�UHVXOWV�RI�D�VPDOO�DQJOH�[�UD\�VFDWWHULQJ�VWXG\�RI�KHDOWK\�GHQWLQ�ZHUH�
FRQVLVWHQW� ZLWK� WKH� PDMRULW\� RI� PLQHUDOL]HG� FROODJHQ� ILEULOV� O\LQJ� ZLWKLQ� WKH� SODQH� RI� WKH�
PLQHUDOL]DWLRQ� IURQW�� DQG� SHUSHQGLFXODU� WR� WKH� WXEXOHV��:LWKLQ� WKLV� SODQH�� WKH� ILEULOV� ZHUH�
YLUWXDOO\� LVRWURSLF� QHDU� WKH� SXOS�� WKH\� EHFDPH� VOLJKWO\� DQLVRWURSLF� ZLWK� GLVWDQFH� IURP� WKH�
SXOS��7KH�WKLFNQHVV�RI�WKH�PLQHUDO�FU\VWDOOLWHV�GLG�QRW�YDU\�VLJQLILFDQWO\�ZLWK�SRVLWLRQ�LQ�WKH�
WRRWK��DOWKRXJK�WKHLU�VKDSHV�HYROYHG�IURP�VRPHZKDW�QHHGOH�OLNH�WR�SODWH�OLNH�ZLWK�LQFUHDVLQJ�
SUR[LPLW\� WR� WKH� GHQWLQ�HQDPHO�MXQFWLRQ�� :KDW� DIIHFW�� LI� DQ\�� WKLV� FKDQJH� LQ� FU\VWDOOLWH�
PRUSKRORJ\�PLJKW�KDYH�RQ�WKH�PHFKDQLFDO�RU�HWFKLQJ�SURSHUWLHV�RI�GHQWLQ�UHTXLUHV�IXUWKHU�
VWXG\��
�
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